3a # ^ JR Acta Genetica Sinica, August 2006, 33 (8): 746-756 


ISSN 0379-4172 


Developmental Genetic Analysis of Seed Size in Soybean 
(Glycine max ) 

LI Wen-Xia 1 ’ 2 ’ 3 , NING Hai-Long 1 ’ 3 ’®, LI Wen-Bin 1 ’ 3 ’®, LU Wen-He 2 

1. Soybean Research Institute, Northeast Agricultural University, Harbin 150030, China ; 

2. College of Agronomy, Northeast Agricultural University, Harbin 150030, China ; 

3. Key Laboratory of Soybean Biology of Education Ministry, Harbin 150030, China 

Abstract: Seed size is one of the important factors of soybean [ Glycine max (L.) Merrill] yield. There have been lots of reports 
about genetic effects and physiology—ecological researches on seed size, but the genetic behaviors of genes during seeds develop¬ 
ment were rarely discussed. Analysis of main genetic effects for fresh seed size (FSS) and dry seed size (DSS) of soybean was 
conducted with diallel cross data by using a seed genetic model. Analyses of unconditional and conditional variances and correla¬ 
tions were used to evaluate the developmental behavior of soybean. The phenotypic means of FSS and DSS in soybean at eight 
stages among three generations reached the highest value at 9/6 and 9/13, respectively. The means of FSS decreased dramatically 
after 9/6, but the means of DSS maintained relatively stable tendency at corresponding periods. The unconditional variance analysis 
showed that FSS and DSS were controlled by embryo, cytoplasmic and maternal effects in the whole growth period. Genetic effects 
due to cytoplasmic and maternal effects were relatively important for FSS and DSS at most of the growth periods. Conditional 
variance analysis showed that genes from different genetic system expressed discontinuously in the whole growth period. The net 
genetic effects due to cytoplasmic and maternal plant on FSS and DSS were larger than those of embryo effects at most of the 
growth periods. Different genetic system can affect the relationship of various stages to mature solely or simultaneously. Embryo 
additive effects at 8/16, embryo dominance effects at 8/9 and 8/16, maternal plant dominance effects at 8/2 and 8/16 could ulti¬ 
mately affect the performance of FSS at maturing stage. Embryo additive effects at 8/2 and 9/13, cytoplasm effects at 8/9, maternal 
plant dominance effects at 8/2 could ultimately affect the performance of DSS. 
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Seed size is one of most important factors of soybean 
0 Glycine max L.) yield. Up to now, there have been lots of 
reports about genetic analysis and ecological effects on 
seed size. Genetic effects, heritability, combining ability 
and correlation with other agronomic traits were pre¬ 
dicted by corresponding mating design and established 
genetic models [1 ' 10] . Soybean seed traits may be simul¬ 
taneously controlled by nuclear genes, cytoplasm genes, 
and maternal nuclear genes [11 ' 14] . Following the genetic 
models for analyzing embryo, cytoplasm, and maternal 
effects for diploid seeds proposed by Zhu [11 ’ 13,14] , Ning 
et al . [15] found that the matured soybean seed size was 


controlled by embryo, cytoplasm, and maternal effects 
simultaneously. As regards ecological effects, the role of 
meteorological factors and some cultivated measures on 
soybean seed size was investigated [16 ' 18 l There were a 
few descriptions on the developmental behavior of soy¬ 
bean seed size [19] . 

The development of soybean seed is not only an 
orderly expression process of seed genes, but also the 
dynamic procedure of substances accumulating in 
embryo. Recently, Zhu [20] developed a mixed model 
approach, by which conditional genetic effects and 
conditional variance components, such as embryo 
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additive Vaw- i> , embryo dominance V, H r f » ■> cyto¬ 
plasmic K«ii, i,, maternal additive V 4 m< ¥ \), maternal 
dominance Vmw-i) were analyzed. The genetic ef¬ 
fects at time t conditional on the causal genetic effects at 
time (f-1) could imply the new effects of genes that were 
independent of the causal genetic effects, and the new 
effects of genes were net genetic effects at the period 
from time (f-1) to time t. This method has been employed 
to study boll number and cotton seed yield [21] and some 
seed quality (oil index, protein index, lysine index) traits 

[22] in upland cotton, body weight, and tail length in mice 

[23] , transparency and chalkiness area [24] and brown rice 
checkness [25] and weight [26] in rice and so on. But there 
were few reports about genetic analysis for developmen¬ 
tal behavior of soybean seed size at various stages which 
would have been useful to profound understanding of the 
inheritance during soybean development. In the present 
research, this method was used to analyze the develop¬ 
mental genetics of soybean seed size. The objective of 
this article was to find new genetic theory for soybean 
breeding. 

1 Materials and Methods 

1.1 Materials and field experiment 

The data described in this article were derived 
from an incomplete diallel cross among five differ¬ 
ent spring soybean genotypes: Dongnong 42, 
Dongnong 46, Dongnong 7819, Nongda 5129, and 
Heinong 35 from Heilongjiang Province, which had 
the same growth period and could mature normally 
at Harbin. The mating experiment was conducted at 
Northeast Agriculture University (NEAU), Harbin, 
China in 2001. The Fi seeds were planted in Hainan 
Province in the winter of 2002. Seeds of all the par¬ 
ents, F i and F 2 , were sown in the field at NEAU in 
2003. The field experiment was conducted using a 
randomized complete block design with three repli¬ 
cates. Each plot consisted of various rows of 5 m 
length and the two rows were 65 cm apart, in which 
plants were spaced by 10 cm. From the plants, 
which were tagged at flowering one-half at the same 
day (6/30) (month/day), 30-50 soybean pods were 


sampled from five nodes in the middle nodes of the 
main stem at weekly intervals from 8/2 to 9/20, and 
were designated SI (8/2), S2(8/9), S3(8/16), 

S4(8/23), S5(8/30), S6(9/6), S7(9/13), and S8(9/20). 
The fresh seeds were dried by Constant Temperature 
Torrefaction Box 101-3 (Shanghai Nanyang Instru¬ 
ment Co., Ltd., Shanghai, China). Fresh seed size 
(FSS) and dry seed size (DSS) were measured and 
were denoted as g/100 seeds. 

1. 2 Statistical analysis 

The genetic model of diploid seeds for quantita¬ 
tive traits of embryo, cytoplasmic, and maternal plant 
effects was employed to study the inheritance of seed 
size [11 l Unconditional variance components (embryo 
additive V A „ , embryo dominance V , cytoplas¬ 
mic Vc > maternal additive y Am , maternal dominance 
VDm) and conditional variance components (condi¬ 
tional embryo additive Vmh >-conditional embryo 
dominance V Do(lM , > conditional cytoplasmic j/ C(lH) , 
conditional maternal additive Va^- i> , conditional 
maternal dominance Va.w-D ) were estimated by 
minimum norm and quadratic unbiased estimation 
(MINQUE) method [11 ’ 27] . Unconditional correlation 
coefficients (phenotypic correlation coefficient r ,,, 
embryo additive correlation coefficient r A ,, embryo 
dominance correlation coefficient m ,, cytoplasmic 
correlation coefficient r c ■> maternal plant additive 
correlation coefficient r Am , maternal plant domi¬ 
nance correlation coefficient r „„,) and conditional 
correlation coefficients (conditional phenotypic cor¬ 
relation coefficient r pU ,-i,, conditional embryo additive 
correlation coefficient , conditional embryo 

dominance correlation coefficient row- 1 > > conditional 
cytoplasmic correlation coefficient rcw-n > conditional 
maternal plant additive correlation coefficient r A „ ( , l ,-, ) , 
conditional maternal plant dominance correlation coef¬ 
ficient r^uit-n ) between various developmental stages 
were calculated. An adjusted unbiased prediction (AUP) 
method was employed to predict genetic effect [28] . 
Jackknifing was used to estimate standard errors of 
estimated genetic variances and correlation coeffi- 
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cients [ll,29] . The t test was applied to test the signifi¬ 
cance of genetic parameters. 

2 Results 

2.1 Phenotypic means of generations 

Means of FSS (fresh seed size) and DSS (dry 
seed size) in soybean at eight stages among three 
generations are presented in Fig. 1. Three generations 



Date 


reach the biggest value for FSS at S6, and for DSS at 
S7. Both FSS and DSS increased rapidly from S2 to 
S6. Means of FSS decreased dramatically after S6, 
but means of DSS remained stable at corresponding 
periods. For FSS, phenotypic means of F 2 seeds were 
higher than those of parents and Fi, except for the last 
two stages. But for DSS, means of F 2 generation were 
higher than those of parents and Fi at almost all 
stages. 



Date 

Fig. 1 Phenotypic means of FSS (fresh seed size) and DSS (dry seed size) at eight developmental stages 


2. 2 Variance components 

The variances associated with the various causal 
components for FSS and DSS are shown in Table 1. 

Significant unconditional variance of embryo 
additive effects, embryo dominance effects, cyto¬ 
plasmic effects, maternal additive effects and mater¬ 
nal dominance effects were noticeably detected at 
most stages for FSS and DSS. This suggested that 
FSS and DSS were controlled by embryo effects, cy¬ 
toplasmic effects, and maternal effects in the whole 
growth period. The result also showed that gene ef¬ 
fects from different genetic systems acted on the seed 
size solely or simultaneously. The sum of embryo 
effects ( Vao + Vdo ) were less than those of cytoplas¬ 
mic and maternal effects ( V, + V Am + V Dm ) with the 
exception of S3 and S7 for FSS and S3 and S5 for 
DSS, indicating that FSS and DSS were mainly con¬ 
trolled by cytoplasmic and maternal effects at most of 
the growth periods. 

Conditional variance analysis showed that genes 
of different genetic system expressed discontinuously 
in the whole growth period. Net genetic effects from 


different system could affect the performance of FSS 
and DSS solely or simultaneously in various stages. 
The sum of conditional embryo variance 
(F.^mi+Fm,., .)) was less than that of cytoplasmic 
and maternal effects (Fty*- i+ Vmo---) + F, i:) with 
the exception of S21 SI, S3 | S2 and S8 | S7 for FSS, 
and S2 | SI and S4 | S3 for DSS. This indicates that 
the net genetic effects of cytoplasmic and maternal 
plant on FSS and DSS were larger than those of em¬ 
bryo effects at most growth periods. 

2. 3 Correlation coefficients 

It would be useful to examine the genetic corre¬ 
lation for seed size traits at different stages (e.g., be¬ 
tween SI and S8 for FSS). This approach facilitates 
the understanding about (1) whether the same genes 
control the trait throughout the developmental stage; 
(2) whether the final expression of a trait could be 
predicted on the basis of the early phenotype; and (3) 
whether the genetic association pattern would be al¬ 
tered by various gene expression of each trait at spe¬ 
cific time intervals. 
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Table 1 Estimation of unconditional and conditional variances of FSS (fresh seed size) and DSS (dry seed size) at eight de¬ 
velopmental stages 


Vao 

Vdo 

Vc 

V Am 

Vom 

FSS 

SI 

0.722 “ 

0.000 

2.182 “ 

0.000 

2.241 “ 

S2 

3.310“ 

1.003 " 

2.618” 

0.000 

8.131 “ 

S3 

12.175“ 

4.895 " 

0.000 

1.207 “ 

0.710“ 

S4 

0.000 

4.618" 

35.947 “ 

0.000 

9.133 “ 

S5 

1.511“ 

1.628" 

0.000 

5.049 ” 

0.000 

S6 

0.000 

4.048 ” 

0.000 

0.000 

6.718“ 

S7 

6.639 “ 

12.354“ 

12.747 “ 

0.000 

0.000 

S8 

0.887“ 

1.427 " 

0.760” 

0.000 

2.604 “ 

SI | initial 

0.722 “ 

0.000 

2.182 “ 

0.000 

2.241 “ 

S2 | SI 

0.000 

2.528“ 

0.938” 

0.000 

0.000 

S3 | S2 

3.695 “ 

3.842 " 

0.000 

1.702” 

0.600 “ 

S4 | S3 

0.000 

0.000 

0.924“ 

0.930“ 

0.000 

S5 | S4 

0.000 

0.000 

0.000 

37.500” 

0.942 “ 

S61 S5 

0.000 

15.935" 

26.378 ” 

16.542 ” 

0.000 

S7 | S6 

0.000 

3.436" 

80.269 “ 

0.000 

8.299 “ 

S8 | S7 

3.872“ 

1.281" 

0.000 

0.256” 

2.946 “ 

DSS 

SI 

0.255 “ 

0.000 

0.236“ 

0.077 “ 

0.005 “ 

S2 

0.389“ 

0.112" 

0.111“ 

0.000 

1.120 “ 

S3 

1.342“ 

0.000 

0.504“ 

0.367 “ 

0.217“ 

S4 

0.000 

1.246" 

5.160“ 

0.000 

3.474 “ 

S5 

0.000 

1.521" 

0.931” 

0.169 ” 

0.201 “ 

S6 

0.000 

2.466" 

0.000 

0.000 

4.735 “ 

S7 

1.135“ 

0.000 

0.000 

0.328" 

2.203 “ 

S8 

0.805 “ 

0.169 " 

1.736” 

0.000 

0.009 “ 

SI | initial 

0.255 “ 

0.000 

0.236“ 

0.077 “ 

0.005 “ 

S2 | SI 

0.000 

0.388" 

0.062 ” 

0.000 

0.000 

S3 | S2 

0.621 ” 

0.000 

0.000 

0.762 ” 

0.218“ 

S4 | S3 

0.000 

0.607 " 

0.000 

0.464” 

0.000 

S5 | S4 

1.341“ 

0.000 

4.168 ” 

0.767 “ 

0.000 

S61 S5 

0.000 

0.638 " 

29.284” 

10.164“ 

3.251 “ 

S7 | S6 

12.040“ 

0.000 

8.182 “ 

0.000 

4.169“ 

S8 | S7 

151.109“ 

0.000 

172.077 “ 

0.000 

90.175 “ 


** Significant at 0.01 level; y Ao '■ embryo additive variance component; y Do '■ embryo dominance variance component; y c : 
cytoplasmic variance component; y Am : maternal additive variance component; y Dm : maternal dominance variance component. 


2. 3. 1 FSS FSS with itself at various intervals are described in 

The components of the genetic correlation for Tables 2 and 3. The unconditional and conditional 
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phenotypic correlation coefficients between various systems could affect the relationship of various stages 

stages and mature FSS were not significantly differ- to mature solely or simultaneously. It was shown, by 

ent from zero except for r P ( S 5 |s 4 )/(ssis 7 ) and r ? ( S 6 |s 5 )/(ssis 7 ) • significantly positive unconditional r*, S 3 /ss and con- 

This indicates that accumulated gene effects at vari- ditional rA,(s 3 |s 2 )/(ssis 7 ), unconditional roosi/ss and condi- 

ous stages could not affect significantly the ultimate tional ra>(s2|si)/(sg|s7) , significantly negative unconditional 

performance, and the net gene effects at S5 and S6 , ,... , . , 

1 ° r Do sj/sg and conditional m 0 (s 3 |s 2 )/(s 8 s 7 ) , uncondihonal 

could ultimately reduce the mature FSS. As regards 

. , . , . . rDmsi/ss and conditional ra,(sp«uaws 8 is 7 ), unconditional 

the correlation component analysis, different genetic 

Table 2 Estimates of unconditional correlation coefficients of FSS (fresh seed size) at eight developmental stages 

Stage 1 

Stage 2 

r P 

VAo 

Vdo 

rc 

r Am 

r Dm 

SI 

S2 

0.240* 

0.169 + 

0.000 

0.115 

0.000 

0.018 


S3 

0.230* 

0.398 " 

0.000 

0.000 

0.000 

0.034 


S4 

0.305 * 

0.000 

0.000 

0.331* 

0.000 

-0.151 + 


S5 

0.190 + 

0.468 ” 

0.000 

0.000 

0.000 

0.000 


S6 

0.194 

0.000 

0.000 

0.000 

0.000 

-0.224 ** 


S7 

-0.270" 

-0.447 " 

0.000 

-0.169* 

0.000 

0.000 


S8 

-0.055 

0.143 

0.000 

-0.205 

0.000 

-0.159* 

S2 

S3 

0.257 * 

0.275 " 

0.041 

0.000 

0.000 

0.084 


S4 

0.299 ** 

0.000 

0.112* 

0.646* 

0.000 

-0.144 + 


S5 

0.252 ** 

0.275 ” 

-0.091 

0.000 

0.000 

0.000 


S6 

0.063 

0.000 

0.381 ** 

0.000 

0.000 

-0.351 ** 


S7 

-0.274* 

-0.143 

-0.100 

-0.349 

0.000 

0.000 


S8 

-0.131 

0.533 ** 

0.266 ** 

-1.000* 

0.000 

-0.206 ** 

S3 

S4 

0.310" 

0.000 

0.374 ** 

0.000 

0.000 

0.492 ** 


S5 

0.302 " 

0.188* 

0.220 ** 

0.000 

-0.036 

0.000 


S6 

0.047 

0.000 

0.432 ** 

0.000 

0.000 

0.203 * 


S7 

-0.322 " 

-0.486" 

-0.169 + 

0.000 

0.000 

0.000 


S8 

0.009 

0.740” 

-0.428 ** 

0.000 

0.000 

-0.571 “ 

S4 

S5 

0.141 

0.000 

0.486 ** 

0.000 

0.000 

0.000 


S6 

0.073 

0.000 

0.492 ** 

0.000 

0.000 

0.207 " 


S7 

-0.405 " 

0.000 

0.046 

-0.588* 

* 0.000 

0.000 


S8 

-0.100 

0.000 

-0.458 ’* 

-0.500* 

* 0.000 

-0.622 ** 

S5 

S6 

0.089 

0.000 

0.373 ** 

0.000 

0.000 

0.000 


S7 

-0.146 

-0.414" 

-0.260 ** 

0.000 

0.000 

0.000 


S8 

0.006 

0.755 " 

-0.323 ’* 

0.000 

0.000 

0.000 

S6 

S7 

-0.209 + 

0.000 

-0.259 ’* 

0.000 

0.000 

0.000 


S8 

0.188 

0.000 

-0.285 ** 

0.000 

0.000 

-0.420 ** 

S7 

S8 

0.075 

-0.672 " 

0.067 

0.713* 

* 0.000 

0.000 


*: significant at 0.05 level; **: significant at 0.01 level; +: significant at 0.10 level; r P '■ phenotypic correlation coefficient; r Ao : 
embryo additive correlation coefficient; n>„ ■ embryo dominance correlation coefficient; r< ■ cytoplasmic correlation coefficient; 
r Am : maternal plant additive correlation coefficient; : maternal plant dominance correlation coefficient. 
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Table 3 Estimates of conditional correlation coefficients of FSS (fresh seed size) at eight developmental stages 

Stage 1 

Stage 2 

V p 

r Ao 

r Do 

rc 

rAm 

Tom 

S1 |initial 

S2 | SI 

-0.122 

0.000 

0.000 

-0.379 ” 

0.000 

0.000 


S3 | S2 

0.115 

0.391 “ 

0.000 

0.000 

0.000 

0.079 


S4 | S3 

0.154 

0.000 

0.000 

0.257 ** 

0.000 

0.000 


S5 | S4 

-0.028 

0.000 

0.000 

0.000 

0.000 

-0.093 


S6 | S5 

-0.291 

* 0.000 

0.000 

-0.459 ** 

0.000 

0.000 


S7 | S6 

-0.289 

* 0.000 

0.000 

-0.411” 

0.000 

-0.125 + 


S8 | S7 

0.006 

-0.051 

0.000 

0.000 

0.000 

-0.156* 

S2|S1 

S3 | S2 

0.083 

0.000 

0.053 

0.000 

0.000 

0.000 


S4 | S3 

-0.111 

0.000 

0.000 

-0.204“ 

0.000 

0.000 


S5 | S4 

0.328 

* 0.000 

0.000 

0.000 

0.000 

0.000 


S6 | S5 

-0.142 

0.000 

0.287 ** 

-0.077 

0.000 

0.000 


S7 | S6 

-0.078 

0.000 

0.049 

0.042 

0.000 

0.000 


S8 | S7 

-0.197 

0.000 

0.240 ** 

0.000 

0.000 

0.000 

S3|S2 

S4 | S3 

-0.015 

0.000 

0.000 

0.000 

0.039 

0.000 


S5 | S4 

0.251 

0.000 

0.000 

0.000 

0.478 “ 

0.444“ 


S6 | S5 

-0.055 

0.000 

0.124 

0.000 

0.199* 

0.000 


S7 | S6 

-0.039 

0.000 

0.047 

0.000 

0.000 

-0.214“ 


S8 | S7 

0.128 

0.645 ** 

-0.573 ** 

0.000 

-0.266 “ 

-0.419“ 

S4|S3 

S5 | S4 

-0.090 

0.000 

0.000 

0.000 

0.352 “ 

0.000 


S6 | S5 

0.038 

0.000 

0.000 

-0.139 + 

0.325 “ 

0.000 


S7 | S6 

-0.207 ' 

“ 0.000 

0.000 

-0.315“ 

0.000 

0.000 


S8 | S7 

0.151 

0.000 

0.000 

0.000 

-0.152* 

0.000 

S5|S4 

S6 | S5 

0.240' 

1 0.000 

0.000 

0.000 

0.471 ** 

0.000 


S7 | S6 

0.130 

0.000 

0.000 

0.000 

0.000 

0.270“ 


S8 | S7 

-0.263 ' 

" 0.000 

0.000 

0.000 

-0.686 ** 

-0.351“ 

S6|S5 

S7 | S6 

0.392' 

“ 0.000 

-0.097 

0.570“ 

0.000 

0.000 


S8 | S7 

-0.282 ' 

1 0.000 

0.009 

0.000 

-0.191 * 

0.000 

S7|S6 

S8 | S7 

-0.123 

0.000 

-0.153 + 

0.000 

0.000 

-0.038 

* : significant a 

it P<0.05;** 

: significant at 

P<0.01; +: significant atP<0.10; 

r p : phenotypic correlation coefficient; r Ao ■ em- 


bryo additive correlation coefficient; n,„ '■ embryo dominance correlation coefficient; r<: '■ cytoplasmic correlation coefficient; 
r Am '■ maternal plant additive correlation coefficient; rn m ■ maternal plant dominance correlation coefficient. 


ron, S 3 /S 8 and conditional rMsmwm > that embryo ad¬ 
ditive effects at S3, embryo dominance effects at S2 
and S3, maternal plant dominance effects at SI and 
S3 could ultimately affect the performance of FSS 
through corresponding genetic system. Although it 
was not significant for unconditional r D asyss > r*,, S 3 /s 8 > 
S4/S8 5 rAmS5/ss > rAmS6/s« ) rDasyss > conditional 


r ^m ( s 6 | 55 )/s 8 |s 7 , r^ ( s 5 |s 4 )/(s 8 |s 7 ) were significant, which 
showed that net embryo dominance effect at S7, net ma¬ 
ternal plant additive effects at S3~S6, net maternal plant 
dominance at S5 could influence intimately the mature 
FSS by corresponding genetic system. 

2.3.2 DSS 

Estimation of unconditional and conditional genetic 
correlation coefficients of DSS with itself at various in- 
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tervals is summarized in Tables 4 and 5, respectively. Insig- Similarly, genetic effects due to embryo, cytoplasm, and 

nificantly unconditional phenotypic correlation coefficient maternal plant system could influence the relationships of 

indicated that accumulated gene effects would not influence various stages to mature solely or simultaneously. It was 

on mature DSS except S7. While conditional r P ( S i|MM)/(a|sfi, shown by significant r^si/ss and r A,( S i|Miai)/(ssis 7 ) , r^si/ss 

r p (S2|Sl)/(S8|S7) » r p (S3|S2)/(S8|S7) > T p(S4|S3 )/(S8S7) , r p (S5|S4)/(S8|S7) J and /',f„(S7|S6)/(S8 S7) > TCSI/SS and r C (S2|Sl)/(S8|S7) , FDmSl/SH Slid 

r P (s 6 |s 7 )/(ssis 7 ) 7 r ; ,(> 7 R )/i^F) were significant at 0.10, 0.05, or r»„(si|imtiai)/(s 8 |s 7 ) that embryo additive effects at SI and S7, 

0.01 levels, suggesting that net gene effects expressed at cytoplasm effects at S2, maternal plant dominance effects 

various periods would affect the final performance of DSS. at SI could ultimately affect the performance of DSS. 

Table 4 Estimates of unconditional correlation coefficients of DSS (dry seed size) at eight developmental stages 

Stage 1 Stage 2 r p 

VAo 

rn, 

rc 

TAm 

r Dm 

SI S2 

0.246* 

0.244** 

0.000 

0.177* 

0.000 

-0.405 ** 

S3 

0.152 

0.229 *’ 

0.000 

-0.068 

0.301 * 

0.248** 

S4 

0.226* 

0.000 

0.000 

0.095 

0.000 

0.043 

S5 

0.187 + 

0.000 

0.000 

0.066 

0.669* 

-0.838** 

S6 

0.251* 

0.000 

0.000 

0.000 

0.000 

-0.127 

S7 

-0.216* 

-0.256** 

0.000 

0.000 

0.620* 

-1.000** 

S8 

0.121 

0.319** 

0.000 

0.056 

0.000 

-1.000** 

S2 S3 

0.246* 

0.192* 

0.000 

0.752** 

0.000 

0.006 

S4 

0.282 * 

0.000 

0.063 

0.920** 

0.000 

-0.044 

S5 

0.230* 

0.000 

-0.004 

0.709 ** 

0.000 

-0.284** 

S6 

0.198 

0.000 

0.298 ** 

0.000 

0.000 

-0.211** 

S7 

-0.159 

-0.325 ** 

0.000 

0.000 

0.000 

-0.434** 

S8 

-0.020 

0.371 ** 

0.033 

-0.728 ** 

0.000 

-0.420** 

S3 S4 

0.292 ** 

0.000 

0.000 

0.355** 

0.000 

0.480** 

S5 

0.222 + 

0.000 

0.000 

0.094 

0.092 

0.380** 

S6 

0.229 + 

0.000 

0.000 

0.000 

0.000 

0.410** 

S7 

-0.079 

-0.447 ** 

0.000 

0.000 

0.145 + 

0.034 

S8 

-0.017 

0.581 ** 

0.000 

-0.535 ** 

0.000 

-0.508“ 

S4 S5 

0.094 

0.000 

0.644** 

-0.027 

0.000 

0.308“ 

S6 

0.156 

0.000 

0.582 ** 

0.000 

0.000 

0.378“ 

S7 

-0.160 

0.000 

0.000 

0.000 

0.000 

-0.032 

S8 

-0.067 

0.000 

-0.009 

-0.385 ** 

0.000 

-1.000“ 

S5 S6 

0.060 

0.000 

0.521 ** 

0.000 

0.000 

0.331“ 

S7 

-0.159 

0.000 

0.000 

0.000 

0.857*' 

‘ -0.081 

S8 

0.018 

0.000 

0.009 

-0.022 

0.000 

-0.745 ** 

S6 S7 

-0.205 + 

0.000 

0.000 

0.000 

0.000 

0.142 + 

S8 

-0.031 

0.000 

-0.002 

0.000 

0.000 

-0.659“ 

S7 S8 

-0.227 * 

-0.516** 

0.000 

0.000 

0.000 

-1.000“ 


*:Significant at P< 0.05; **: significant at P<0.01; +: significant at P<X). 10; y p : phenotypic correlation coefficient; ri„ '■ em¬ 
bryo additive correlation coefficient; ydo '■ embryo dominance correlation coefficient; rc '■ cytoplasmic correlation coefficient; 
r Am : maternal plant additive correlation coefficient; rn m '■ maternal plant dominance correlation coefficient. 
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Table 5 Esti 

nates of conditional correlation coefficients of DSS (dry seed 

size) at eight developmental stages 


Stage 1 

Stage 2 

r p 

r Ao 

rDo 

rc 

r Am 

r Dm 

SI |initial 

S2|S1 

-0.160 

0.000 

0.000 

-0.528 ** 

0.000 

0.000 


S3|S2 

0.039 

0.113 

0.000 

0.000 

0.269 ” 

0.682 ** 


S4|S3 

0.061 

0.000 

0.000 

0.000 

0.235 ** 

0.000 


S5|S4 

0.080 

0.046 

0.000 

0.240* 

0.049 

0.000 


S6|S5 

0.174 + 

0.000 

0.000 

0.270“ 

0.216* 

-0.300“ 


S7|S6 

-0.323 ** 

-0.356** 

0.000 

-0.628 " 

0.000 

-1.000 ** 


S8|S7 

-0.338** 

-0.514** 

0.000 

-0.412 “ 

0.000 

-0.880“ 

S2|S1 

S3|S2 

0.147 

0.000 

0.000 

0.000 

0.000 

0.000 


S4|S3 

0.144 + 

0.000 

-0.075 

0.000 

0.000 

0.000 


S5|S4 

0.015 

0.000 

0.000 

-0.370" 

0.000 

0.000 


S6|S5 

-0.116 

0.000 

0.186“ 

-0.140* 

0.000 

0.000 


S7|S6 

0.078 

0.000 

0.000 

0.697 ** 

0.000 

0.000 


S8|S7 

0.344** 

0.000 

0.000 

1.000” 

0.000 

0.000 

S3|S2 

S4|S3 

0.032 

0.000 

0.000 

0.000 

0.036 

0.000 


S5|S4 

-0.119 

-0.269“ 

0.000 

0.000 

-0.250” 

0.000 


S6|S5 

0.186 + 

0.000 

0.000 

0.000 

0.191 + 

0.313“ 


S7|S6 

0.002 

-0.173 + 

0.000 

0.000 

0.000 

0.049 


S8|S7 

0.174 + 

-0.014 

0.000 

0.000 

0.000 

0.254“ 

S4|S3 

S5|S4 

-0.147 

0.000 

0.000 

0.000 

0.125 

0.000 


S6|S5 

-0.067 

0.000 

-0.006 

0.000 

0.143 

0.000 


S7|S6 

-0.093 

0.000 

0.000 

0.000 

0.000 

0.000 


S8|S7 

0.194 + 

0.000 

0.000 

0.000 

0.000 

0.000 

S5|S4 

S6|S5 

0.020 

0.000 

0.000 

-0.078 

0.244* 

0.000 


S7|S6 

-0.208 * 

-0.221" 

0.000 

-0.480” 

0.000 

0.000 


S8|S7 

-0.358** 

-0.243 ** 

0.000 

-0.556“ 

0.000 

0.000 

S6|S5 

S7|S6 

-0.146 + 

0.000 

0.000 

-0.202 * 

0.000 

-0.163 + 


S8|S7 

-0.203 ’* 

0.000 

0.000 

-0.427 ** 

0.000 

0.089 

S7|S6 

S8|S7 

0.451** 

0.429** 

0.000 

0.817** 

0.000 

-0.015 


*: significant at P< 0.05; **: significant at P<0.01; + : significant at P<X). 10; r P '■ phenotypic correlation coefficient; r A „ '■ em¬ 
bryo additive correlation coefficient; r„„ ■ embryo dominance correlation coefficient; rc ■ cytoplasmic correlation coefficient; 
r Am : maternal plant additive correlation coefficient; ra,, '■ maternal plant dominance correlation coefficient. 

tion of polygene. To understand the developmental 
genetic law of seed size and to find theory for yield 
improvement in soybean, it is necessary to research the 
effect of difference of gene expression on dynamic of 
seed size. 

Zhu et al. [U ' 14] proposed a new seed model to 
unbiased estimate the variances and covariance due to 
seed model by only using several generation means. 


3 Discussion 

There were expression, regulation, and interaction 
of polygene that controlled the final performance of 
soybean seed size. The genetic effects estimated from 
the ultimate phenotypic value reflected the integrated 
role of polygene at different growth stages and could 
not make clear the expression, regulation, and interac- 
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Total phenotypic variance ( y P ) is composed of vari¬ 
ance components of genotypic and residual effects 
( Vp = Vc + V,. )• Among genotypic variance 
( V g = Vo + Vc + Vm ), variance of embryo effects 
(Vo = Vac + Vdo ) measures genetic variation contrib¬ 
uted by the embryo gene effects (embryo additive 
effect Vac , embryo dominance effect Vd„ ), variance 
of cytoplasm effect ( v c ) and maternal nuclear effects 
( V m - VAm + Vd„, ) reveals the contribution of maternal 
plant through effects of cytoplasm and maternal nu¬ 
clear genes. Furthermore, Zhu [20] developed a mixed 
model approach by combining the seed model with 
conditional analysis approach, and variance of net 
genetic effects at different periods and correlation 
between them could be obtained for the quantitative 
traits during the development. There were different 
concepts between unconditional and conditional 
variation. Unconditional variation represents the ac¬ 
cumulated genetic variation from initial time to time t, 
while conditional variation refer to as net genetic 
variation from time f-1 to t. Since seed development 
is a dynamic process, gene expression should not al¬ 
ways be the same as for developmental quantitative 
traits. For instance, unconditional embryo additive 
variance was significant at S2, S5, and S7, while 
conditional embryo additive variance showed that the 
net genetic effect was zero at these stages for FSS. 
Furthermore, analysis unconditional maternal plant 
additive variance indicated that there was no gene 
action at S4, S6, and S8, but conditional variances 
such as F*„(s 4 |s 3 ) > V ^m(s 6 |s 5 )! VA m ( s8|s?) were detected. 
Thus, conditional analysis contributes to comprehen¬ 
sion of the expression and action of genes during de¬ 
velopmental process of seed. By the combination of 
unconditional and conditional methods, dynamic 
consequence of genetic effects could be revealed for 
different developmental traits at specific periods. For 
example, there were actually no new effects of gene 
expression in the second period, but significant un¬ 
conditional maternal dominance variances of fresh 
and dry weight were detected due to accumulated 
results of early stages. Although no significant un¬ 
conditional cytoplasm effects for dry weight were 


detected at S6 and S7, there were net genetic effects 
of cytoplasm from S6 to S7, which might not be large 
enough to be detected by the unconditional method. 
Therefore, the conditional analysis method could help 
to have a glimpse of the genetic effects of new gene 
expression before being detected by unconditional 
method. 

Different growth stages may affect the ultimate 
performance of seed size. By correlation analysis, it 
was showed that net embryo dominance effect at S7, 
net maternal plant additive effects at S3-S6, net ma¬ 
ternal plant dominance at S5 could influence inti¬ 
mately the mature FSS, and embryo additive effect at 
SI and S7, cytoplasm effects at S2, maternal plant 
dominance effects at SI could ultimately affect the 
performance of seed size. The possible reason for 
difference of gene effects at different stages might be 
that ploy gene system of quantitative traits had spe¬ 
cific expression pattern at different developmental 
periods, which might be controlled by different loci 
of the ploygene system. For instance, Wu et a/. [30] 
reported that different QTLs could modify the growth 
of the Populus. 
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